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meek LETTER SYMBOLS 


s 
YAN 
9 
p 


ENGLISH 


A 


DELPN 


mie PU 


mr 


PMS 
PNH 


PPLN 


”~ 


CE rOomOL omecl i hE seats fOr alr 
ase Lite Visecoc lly. lbf-sec/ft° 
density, lbm/f£t> 


SEMine tO ou 


Paglia Kemer OLS 


ee 
area, in , et? 


atmospheric pressure, in Hg 

Pome vie LOC lt) mu) See 

coefficient of discharge 

diameter, in . 

Piers metlormdetascmenuramce MmozZles. in H,0 

pressure drop across U-tube assembly, in H,0 

Stier Them ronm rac ton 

Waist ine trletlon 2+OT Ce eet 

Newton's Second Law proportionality constant 
ge = 32.174 lbm-£t/lbf-sec? 

enthalpy, Btu/lbm 

emetic in 

Meee stack "length, in 

pressure, in H,0 

mixing stack pressure, in H,0 

inlet air pressure, in H,0 


Teoma lenun pressure Grop, if H,0 
eZ 


PU 


dl 

TAMB (R) 
TBURN (R) 
REE 

TNH (R) 
TUPT(R) 
u 

U 

UM 

UP 


UU 


WE 
WP 
WS 


WPA 


uptake pressure, in H,0 

radial distance from mixing stack centerlincwean 
gas constant f0r a7) Roe et DT, one 
fuel rotameter reading 

entropy, Btu/lbm-R 

mixing Sta@k staneoit diiaiane seen 
CeMnpe yaeuiiees CF, R 

ambient temperature, =e (R) 

burner temperature, oi (R) 

CXit plane. fenmpemamwenncr a 

inlet air temperature, ch) 

Uptake  Ceinmc ta climes °F (R) 

internal energy, Btu/lbm 

We Meee Set) Se 

uptake average velocity, ft/sec 

NOZZle eXit velocity sty ce 

primary flow velocity in uptake, ft/sec 
specific volume, ft°/1bm 

mass flow rate, lbm/sec 

fuel flow rate, lbm/sec 

primary flow rate, lbm/sec 

secondary flow rate, lbm/sec 


primary air flow vatepseen oe 


DIMENSTONLESS “GROUPINGS 


Ax 


x 
a 


secondary flow area to primary flow area ratic 


- tertiary flow area toeorimar, 2 lowes es Gat © 
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K = kinetie energy correction factor 


S 

Ka - mixing stack exit momentum correction factor 

Ky =—Pprifiary nozzle exit momentum correction factor 

M,UMACH - Mach number 

p* Srsceotdary £1ow pressure coefficient 

a =euehbiar, tlow pressure coefficient 

Epis imine Stack Dressimemeoctficient 

Re ~shevnolas number 

ae - secondary flow to primary flow absolute temperature 
feaate dO 

Ta - tertiary flow to primary flow absolute temperature 
at iO 

Ww - secondary to primary mass flow rate ratio 

i MeeGelaryetO DniMmany Mass tlow rate ratio 

eMIbSCRIPTS 

0 ieasuremenes plenum seer lon 

1 ep Liitary WMezciemex ] tmeec tion 


I 
' 


Mierne —Staecm exlt sectlLon 


a - atmospheric 

b - burner 

Pp - primary 

S - secondary 

ic eee Tp cate tay. 

u Seo taice 

W - mixing stack wall 
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ae eRODUCT ION 


itemaavent Oo. themmarins gas turbine provided surface ships 
meereommlsion plant offering mechanical reliability and flexi- 
mmr y Of Operation not found in conventional steam plants. 
awemal oroblems, however, have been atforded the surface 
Meesel via this technology. Mass flow rates four to five 
mie omenelr Steam Counterpart and exhaust temperatures in 
mee vicinity of 950°F have created considerable interest 
miemoubpsequent research. 

Slontitreamt research conducted at the Naval Postgraduate 
School has proved the effectiveness of the multiply-shrouded 
Eoiveror System in reducing exhaust temperatures. This is of 
Peapreme interest in an at sea environment of IR (infra-red) 
mesnmoloey. tithese eductors induce secondary and tertiary 
meummuneaer turbulent conditions into the primary flow. 51¢- 
Miticant temperature reductions have been realized utilizing 
mimeemtcennigtic and, notebly, without unacceptable engine per- 
formance degradation. 

icomigescaten will continue fo investigate design improve- 
mmrceto eCdlctor secometry and also investigate the effect of 
pramary mass £low upon eductor performance. These two objec- 
meves, along with the utilization of a computer aided data 


Tams itieomesystemeare the Salient features of this research. 
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Tt. BACKGROUND 


Charwat [Ref. 1] at the University of California at Los 
Angeles provided a solid wall mixing stack gas eductor design 
for incorporation in the DD-903 Class design; tThe so via 
design relied on the leneth Of@eheeiimim>s Stage een Comm 
mixing. In 1976 research began at the Naval Postgraduate 
School. Initial investigations determined the effect of 
various parameters on the performance of the gas “eductous 
Eductor size and weight reduction ane performancemimp rc es 


ment have been the primary objectives of subsequent research. 


A. NAVAL POSTGRADUAGESEs! PACTUITIES 
Two test tacilities exist at the Naval Postgraduate 
school. The “cold flow" facility affords timely evaluate 
of varied eductor configurations due to relatively low temp ae 
atures allowing ease in model fabrication and data collection. 
Models are tested under Gevual eperiturns Condition sam 
the "hot flow" facility. This facility can verity cola mem 
data as well as provide essential data on exhaust tempera- 


tures and mixing stack surface (film) temperatures. 


Bo INITIAL R eoEA Re 
Pucci [Ret. Z] developed 2 one dimensional Gas seduce mem 


model. Utilizing this medely Eliia (Ret) Voile ete cae 


es 


meereclatlonm existing between dimensionless groupings repre- 
Senting pressure depression in and induced flow from an 
eductor's secondary environment. 

Moss [Ref. 4] and Harrell [Ref. 5] followed Ellin's work 
methe cold flow facility. In order to accurately verify the 
femieronship determined by Ellin, it was recommended that 
Wala Operating conditions were essential for complete test- 
mieot eductor models. Ross [Ref. 6] subsequently completed 
jmremeconstruction, calibration, and test verification of the 
ort low test facility. Initial hot flow testing was accon- 
Mmeusmed by Welch [Ref. 7] utilizing a 4 nozzle, solid walled 


Mexing stack eductor. 


See SUBSEQUENT RESEARCH 

Mipeme! tesearcn highlighted significant pressure depres- 
mmome within the length of the solid walled mixing stack. It 
Memeoothiesized that the introduction of tertiary air along 
me mixing stack would enhance film cooling effects on eductor 
mimrdce temperatures. 

The use of cooling ports along the mixing stack and the 
amroud around the mixing stack was first investigated by 
Serenind and Lemke {[Ref. S|]. Hill {Ref. 9] tested a slotted 
eee stack Under actual operating conditions. Excellent 
feet low resuits Using multiply shrouded eductors were re- 
pormercdsthmektek sRet. PO) and Kavyalis {[Ref. ll]. Staples [Ref. 
malecontrirmed research conducted by Pritchard [|Ref. 15] and 
fMacmemonealiy examined the effects of turbulent cross flow on 


SicwOl woe hi Ormance 
i 


D. CURRENT  RESEAR GE 

Previous researchers collected all temperature and pres- 
sure data at the hot flow facility manually without the @miemie 
ization of computer technology. “Consequently a computes 
aided data acquisition system was designed, programmed) ama 
implemented at the facility. Utilizing Staples' Model A 
Modified [Ref. 12] testing and verification of the data 
collection system was accomplished. The model was further 
modified and the effect of primary air flow variance simul- 


ating varying engine exhaust conditions was investigated. 
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TIT. THEORY AND MODELING 


ipl itectmtyets the major benefit cf an eductor, no matter 
fefets doplicatzon. Ihe ability of a jet of primary 
Piuid to pump secondary fluid has been proven time after 
Mme in eductor design. Lacking moving parts, the eductor 
memmiemaintenance juxury. this very fact lends the eductor 
memapplication in marine gas turbine exhaust stacks, which 
mecenormally not readily accessible during engine operations. 
Poeprimary fluid pumps cooler secondary fluid, and in some 
meses, tertiary fluid, achieving noticeably lower exhaust 
ieilperatures. 

Mimritseadnd previcus research Mach number similitude 
has been chosen between model and prototype. Non-dimension- 
alization of eductor performance parameters has facilitated 
meiigadrative research and is therefore utilized in this 
research. A one-dimensional analysis of the simple eductor 


eelmation reyeals all coefficients utilized. 


Pee MODELING TECHNIQUE 

EGtonebescarcn has proven that the air tlow in the mixing 
Btack cof the model is turbulent with Reynolds' number greater 
than 1h Viscous forces are consequently overshadowed by 
feunetitc and internal energy terms and shear interaction is 


dominated by momentum exchange. Mach number, therefore, can 
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be shown to exist @s the prominent parameter vice Reynotlaes 
number and 18 chosen as an vaccurate wcepre lation. Deuce 


model and protory pee 


B. ONE DIMENSTONAIA sls OF 7 aa euclorR 

One analysis technique, inherently complex, of an damiman 
concerns itself with the mixing of primary and seconda vy sme 
internal to the mixing stack. A simpler analysis 1eneme 
this mixing and has beem completely outlined if (ket. ee 
and [Ref. 3]. A repetitive detailed derivaticn 15 note, 
sidered prudent, hence only assumptions and parameters will 
be discussed. Simultanécus Solution Gf the equations: 
continuity, energy, and momentum coupled with the ecuatwege 
of state allow analysis of the simple eductor system show 
schematically insthre. 

Simplifying idealizations are as follows: 

1) Steady and incompressible flow exists within the 
MiXing Stade 

2) Uniform static pressure exists decross the entevage. 
Ind Sexlt pllene se 

3) Flow from the tertiary plenum to the minimum area 
at Section 2 1S 1Se€ntropic, wither re cr stele sdiabd one 
mixing between Sections) 2 ances 

4) Adiabatic flow exists throughout the eductor with 
isentropic flow of the secondary Stream fron Seer lone 
section 1 and irreversible adiabatic Mixing Of the wprimaw, 
and secondary streams occurring within the mixingessac.. 


Zak 


wee teocerton | the pramary flow velocity US and 
memperature qT, Lani tOMMeleneasethe Stream a5 15 the 
secondary flow velocity U. and temperature = however u 
and U.. are not equal and neither are tT and om 

6} Primary and secondary flows behave as perfect gases. 

pet section 2 am average mixing velocity, Ue and 
memreecrature , 3 exist. 

8} <A non-dimensional momentum correction factor, Ke 
mebating the actual momentum rate to the pseudo-rate and a 
non-dimensional kinetic energy correction factor, K a> relating 
the actual kinetic energy to the pseudo-rate, both of which 
are based on the bulk average velocity and density, account 
mepethe incomplete mixing of primary, secondary, and tertiary 
Peeewithin the mixing stack. 

Eperorvitativonal Motenmtral emergy variations are neglected. 

ittje ihe bulk ayerage flow velocity, U and the mixing 
meek wall area A, serve as the basis for the conventional 
meer rction factor term which accounts for wall friction 
fmeehnin the mixing stack. 

11) Pressure changes ae iO Py, Py to Po, Py to P,, and 
P, to Pz ( coe remodel cOnpared withestabic pressure, so 
mat Cas density 18 essentially dependent upon temperature 
Picea cmMOospheric pressure. 

The following parameters, specified by Staples [Ref. 12], 


ma eeemheuatcUshemomeor Simplicity, as they will be utilized 


mene ensuing explanation. 


Z2 


A./A ratio of primary flow area to mixing §stae. 


i 22yy} 
cross section area 
SS ae ratic of wall friction area to mixing Sam 
CYroSS SeCctionu1read 
- primary MiXime sMmOomentuUmMmBeerrection fLactrem 
i mixed == low MomentummGer heer Lone ae tf oF 
f Wall fEWerlon  taerte. 


Continuity and the conservation of mass principl= yaa 


(vet. ice) 


5m Vee e, UPAp* p, Us A, + PU, A, (eqn 


and defining: Wea Pay Uo Am 
Ws= 9, Us As 
Wp? o Up Ap 
We = p, Uy AY 


(eqn 


Combining eqn (3.1) and (3.2) and utilizing assumeumem 
(2) and (5) above the bulk average velocity at the mixing 
Stack. a 1s 


m? 


U, = tat a We (eqn 
Tm Am 


A, is fixed by geometry and 


a oe 
Pa = Th 


(eqn 


Sip) 


where ie Pao kh eavendeemtemperature calculated from 
Semarion (3.11). Fluid mechanics reveals the momentum 
Seuation derived from Newton's Laws and is the conventional 


fmomee and momentum-balance equation. 


JL 


Kp (3) (“pt)+ (AE) RAs KR") + B.A,* F; (eqn 3.5) 


ifemerinary Mixing Smomentum Correction factor, Ra? es 
@erined similarly to iS (Uno sOoemandritcilizaing rdealization 
meets set equal to unity. It is included here for purposes 


meameompleteness only. The mixing stack exit momentum correc- 


meen factor is defined by the relation 


Am 
ears. dA 
= eon 210 
Km Wm Un J 7 Ps (oe 
Potene UL 1s defined by equation ev cili Zine idealization 


mao the wall skin friction force, Ee. is related to the 


yy? 


flow stream by 


Q 
Z Um 
Tens £ Aw ( 2 an edn Bf) 
Deine hevwiola Ss Number as 
new Bue (eqn 5.8) 
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the friction factor for turbulent cane p-owea lela teu 


fs 0.046(Re,) _ (equ: Say) 


Applying idealization (9) and the conservation of emema, 


principle to the steady flow System in the mrxing Gtacm 





wp (hg? GE} + wy, ZE}o (hs EY = Wy (hn HE) Cogn 5.20 


where, Ka the kinetic energy correction factor 1S deities 


Am 7 
a fu aA ; 
Ae> joenee Roaanes (eqn 3.11) 
We Us Oo y 
[t may be demonstrated that the kinetic energy terms may be 
neglected in the evaluation of the mixed mean flow temperate 
it CGrey ie id 


mM ? 


SF a a 
hy _ We (heWe + heWs +h, We } (eqn Saez 
where a Ties) only, using idealization (6). 

The energy equation for the isentropic Secondary air 7 iow 


from the plenum to the mixing =seaer emer wec ieee ane 





2 e 
Pos = Ps = Us (eqn 3.13) 
Po 04. 
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MiemcoiMi@harly. tor the tertiary air tlow the energy equation 


becomes 


BR KT Ut eer 
CU 2, : 
Pe 04, 





Combining these few equations yields the vacuum produced 
Meeeine eductor in the secondary or tertiary plenums. Again 


referring to Figure 1, the secondary plenum vacuum is 


We Ws” _ Ars We _ Wm f Aw ss 
Fao fas * eda (| aes Aa Om (K.* Fas} Soa eee) 


and the tertiary plenum vacuum is 


2. 
E 7 | (We+Ws)” Ws Ba. Am iis 2 


metere the primary flow is now defined as the sum of the pri- 
fey and secondary flows and K> is the momentum correction 


maeror at Section 2. 


eee NON-DIMENSIONAL FORM OF THE SIMPLE EDUCTOR EQUATION 
PaMeroncesorl sj mand on hOlenave been normalized utilizing 
mento llowing parameters to achieve satisfaction of the cri- 


teria of geometrically similar flows. 


Po. — Pos Pes : 
* Se a pressure Coeitficient comparing 
P = 2 teri Sect) flow pumped head 
Up CE eo oe, ety flow 
Yeo ieee head (U5/ 28. ) 
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Pus hed 


D as Pe 
t Ur/e i 
mL Ws 
*¥ on We 
WA = 
% Ts 
== 
OP Te 
we 4 
+ Ss 
5s re ce 


Sp 


+ As 
Ap= AL 
: A 
AR = As 

t Ap 


a pressure coefficient Compamu. 
the tertiary flow pumped head 
(P,-Pot} to the primary & ie 
driving head (Up/ 2g.) 


secondary tc primary mass flow 
Pat ee wena 


tertiary to primary mass flow 
rate ratio 


secondary to primary absolute 
Lem pe tat iicmn a ee 


tertiary to primary absolut 
tempera eliyecar at 16 


secondary to primary flow density 


ratio. Since the fluids ame 
modeled as perfect gases, 
Tp 


A aves 
. $ Ts apo 


tertiary to primary flow dene, 


ratio. Again, due to the ep aeas 
gas theory, 
° Tp 
~ 
© Tt Te 


secondary flow area to primary 
flow area ratio 


tertiary flow area to prin 
flow ‘ares viata 


Equations (3.15) and (3.16) may now be written non-dimenswonem 


Onan. 


# 


Ap Weak af to An _Ap 
F=2A ig RB W Tt) AOS + THC Athy! Aw ,)| oD 
| 





Cr) 


where 


_y ,t Aw ee 
= 5 
eae Avs eqn 
This may be rewritten as 
p* ” 3 34 ’ :- % 
aH =C,10,W (1+T )+C,W T *Ca Wy es (eqn s 
where 
ZL eran _A 
Cie 2st (kp a) enue. 
Ap 2 
eel an) B (eqn 3 
Bee real ene een ae Ap 
Ca = rab zat, )B Ve B| (ean 3 
CAs + fequr 3. 
4° Ai 


Prevlous ©esearcn Nas utilized two additional parameters 
to corrolate static pressure distribution along the length of 
the mixing stack. 

ey axial distance from the mixing 


Stde@wenttanee: tO Mixing stack 
@1aieteone ket 0 
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me) 


lo.) 


go) 


PMS secondary flow pumping head 





p (PMS/ Q¢ ) te the primary flow 
PMS* = = driving head (US/2g_) ratio, 
Up where PMS = static pressUwe 
eq along the mixing stack length 
¢ 


D. EXPERIMENTAL GGRr AON 
Ellin [Ref. 3] and Moss [Ref. 4] confirmed that the corre- 


lation of P*, T*, "and W 1s. Geet ncuraoum 
p*/T* = we Teall (eqn 3.24) 


Ellin gives the detail of this formulation as well ae 
determining a numéric value of 0244 for ne. Uti 1120 eee 
equation and pletting P*/ “sass a tune trons wapaa 44 experi- 
mental data is reduced yielding the gas Gductor's Chazaeeem. 
istic pumping curve. Using Figure 38 as an example, data in 
region 1 is taken with the majority of the ASME nozzles weueeoa 
As more of the nozzles are opened region 2 91S enter cc meee 
approximately half of the nozzles are open. tin region Sane 
model 1S open to the atmosphere and data scatter increased. 
Using the data taken in regions 1, 2, and 3 and assuming that 
the model characteristics will not vary the point of zene 
intercept 1s extrapolated (point 4). At this point the =a 
operating point of the shipboard eductor is reached. The 
pumping coefficient is here im defined as.inis interecom 


44 


1.¢., the value cf Weie@ when P*/T* equals zero. 


ZS 


IV. EXPERIMENTAL APPARATUS 


Melo thet, oO] Cestpned, procured, and installed the hot 
meow tacility utilized in this and previous research. Con- 
DUStTioOn air iS Supplied by a three stage Carrier Centrifugal 
Air Compressor located in building 230 of the Naval Postgraduate 
school Annex. The actual combustion gas generator and test 
mierrity 1S located in building 249. Appendix B details 
meructions for safe and proper operation of the compressor 


ames pas generator. 


Pees COMBUSTOR AIR PATH 

Bompressed air is piped underground from the compressor 
mimoiiitding 250 to the inlet of the test facility. The air 
Meets Vid an eight inch vertical standpipe (Fig. 13) con- 
fPamime a butterfly valve, normally closed, in parallel 
fomeied remotely operated globe valve. A “"T"' connection at 
Mmiestop Of this pipe directs the flow to either the combustion 
meemcoencrator Or to a short Section of pipe utilized by the 
maemomadeical Encineering Department. An eight to four inch 
meawe@er Or entrance nozzle 1S downstream of the "'T", located 
mice Detore the burner section. fhe flow characteristics 
methis Non-Standand nozzle were determined by Staples [Ref. 
HZ). A linear relation between pressure produce and mass 


Plow rate Of air was determined. the data collected by 
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Staples is presented in Table VII and@shown graphical aaa 
Figure 35. Flowing through a manWal@isolaticn valycessea. 
air then enters =a splice sccm crm 

In the splitter section air 1s either sent (oOo) theme. 
bustor section or directly fo the mixine Section en. 
amount of air flow sent in either direcétiomeis controMiee 
by the motor operated burner air control valve and the tnjogeen 
operated cooling air bypass walve respectively 1 hewiemes 
characteristics of the U-tube leading to the combustor semua 
were determined by Ross and are listed in [Ref. 6]. A swirl 
is physically introduced to the cooling ain vinside (thei 
box to counter that produced by the nozzle. Hot gases 
the combustion section enter the mixing section via ca. 
burner nozzles and the resulting counter-rotating flow pro- 
duces rapid and efficient mixing. <A flow straightener eae 
an uptake section then deliver the gas to the primary oz ee 


and ultimately the atmosphere. 


Be PURI o yon 
1. eys tem, Veserimrton 
A 55 gallon drum mounted on an elevating stand (lame 
21) external to building 249 serves as the system fuel reser- 
voir. From this tank fuel flows to a bulkhead isolavuen 
valve inside the building after passing through a tank ise@2e 
tion valve and a sediment collector. Fuel temperature 7s 


measured at the bulkhead isolation valve. A flow measuring 


Bl 


feeamever ana a fuel filter direct the flow to a 24V DC 
Mmeeative displacement motor driven fuel supply pump. Normal 
men Supply pressure is 14-10 psig. 

cies sUper wepunlp provades Suction head to the high 
Meeeoure fuel pump. An external recirculation line is pro- 
vided as the HP pump has no internal bypass. A needle valve 
mameets Tecirculilation line controls the pump discharge pres- 
sure and therefore the burner fuel supply. A system drain 
valve and a manual discharge valve are iocated downstream of 
m@emne pump (Fig. Z3). Piping carries the fuel from the dis- 
mameaece Of the HP pump to the combustor inlet solenoid. 

uo uel! Flow Rate Calibration, Measurement, and Control 

Fuel £low rate is measured yia a Fischer Porter Model 
Meoo0SA rotameter. Calibration was accomplished on site 
ieee the fuel supply pump to deliver fuel to a container 
Seekiiown weight for a specific interval of time. A scale 
meeeused to weigh the "full" container and flow rate cal- 
eerated. A needle valve was used to control pump discharge. 
Poeameter Calibration data is listed in Table I. Figure 34 
Mmereoe the flow rate verses rotameter reading. An HP15C 
meuretlator linear regression scheme resulted in the following 
expression 

WF = -3.0904 + .4014*ROTA (eqn 4.1) 

waiueilmagnero! valvyewlocated atethe control station 
Pasi copy a ticmoncrator to select the desired fuel flow 


rate. A needle valve located near the HP pump is installed 


a 


in parallel with the control valve and control valve cena 
tivity as well as assuring continuous tlew through theme 
Procedures for setting the needle valve are outlined in 
Appendix B. When properly adjusted the necdle valve aia 
Operator controled fuel pressure from 80 to 550 psig, aceiaae 


tomapproximately sepa ea. 


C. MEASUREMENT “Pier sium 
1. Pilenumeseaks 
The rear wall seal is a diaphragm seal made of rube 
berized fabric. A bond clamp helds the seal, which is im- 
bedded in a layer of silicone sealant, to the uptake. A 
Similar seal holds the diaphragm to they rear well, scogec ues 
that a split clamp is used. dhe rear séal provides num 
formity in uptake gas temperature with less than two degrees 
Farenheit difference between thie miptake mlae sect fone man 
primary nozzles. The uptake and seal are depicted in Figure 
eS 
The forward seal is within the plenum and consists o2 
a bulkhead with removable aluminum plates that bolt to the 
mixing stack entrance. A double O-ring assembly assures 
proper sealing of the inlet vouterecimeliterene es mene 
mixing stack. 
2. Model Installation and Alignment 
The model is supported independently of the seal pies 


by an adjustable support. Alignment is accomplished after 


ne 


Pett hnomtmesmodel on the support and then installing the 
Beiecring Ppladtesein Cach end of the mixing stack and in the 
Open end of the uptake. Adjustment of the support will 
mimtow free movement of the alignment bar through the holes 
mmmpee Centering plates and therefore ensure proper abhaign- 
ieee Figure 25 shows the alignment bar installed in a 
jmpical model. 

Micm ecco primnaay. mozz2les are them installed and 
memrect Standoff distance is set. The distance from the 
Peete cxit plane to the entrance plane of the mixing stack 
ms measured with a combination square, noting that the termi- 
Maron Of the entrance radius = 0.3 inches. Normally less 
Mme U.t125 inches of adjustment is required to achieve a Q.9 
emandoff distance. 

Eick [Ret.) 10] observed a measurable longitudinal 
mereometonm and Consequently the standoff distance was increased 


jme@omeo.5010 inches to 3.6875 inches. 


Dee DATA ACQUISITION 

iwmeantealtze On beehnology a Computer aided data acquisi- 
memes Stem was Utilized, replacing the manometers and LED 
Meermocouple displays used previously. Original plans were 
~Peeelze a VEC computer and utilizing an interface card 
fianrsorkware oadckage, Control HPIB compatible equipment. 
Mipesprocedure proved futile. Appendix A gives specific 


aaamived | tunes regadraing the tdiled attempt . 
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A Hewlett-Packard computer replaced the DEC Macwimes 
The HP-85 was used to control a HP3497A scanner which was 
employed to acquire pressure and température data end cee 
mit it back to the computer for processing and stcracgcumes 
schematic of the data acquisition system is shown in Figure 
8. The data acquisition program is JiSted in Appendix a 

Data reduction was accomplished on site after converting 
an existing program used by previous researchers trom Pomona 
IV to HP Basic. Tabular output was also generated on site 
using a DEC LS34 plotter/printer via an RS 232 intériages 

Detailed listings of equipment utilized and respective 
device codes are listed rie tap eae 

1. HP3497A Scanner 

The HP3497A Scanner is a portable self contained data 
acquisition unit. The unit can either be remotely congramee 
by a computer or locally controlled via the front panel. The 
unit has the capability cf acquiring data cn i00 analogues 
80 digital, or 80 actuator channels. Physically located in 
the rear of the unit are five slots which, depending cna 
connection card utilized, determine the number of channels 
per slot available to the User.) lablew depicts ss ict ae 
channel assignment data. 
The scanner was used to acquire all thermocouple and 

pressure data. Pressure data was acquired via a Scanivalve. 
The scanner, via software, alse controlled the stepping jade 


transmission, and channel identification of the Scanivalve. 
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wae tessure Measurement 

Pressures were measured using a Scanivalve that allows 
sequential scanning or measurement of up to 48 pressure ports. 
Pemer supply to the pressure transducer is derived from a 
Bye)UCG power supply and the stepper motor is powered by a 
MieevC supply. Transducer calibration was performed by 
mmartaneously placing a pressure on a water manometer and 
mmenocenivalve transducer and correlating the two readings. 
The correlation between transducer voltage and manometer 
reading is presented in Table III and Figure 37, A linear 


move fit resulted in the following relation: 
P{ iw. H20]=1.5663/+ 15/89.94 *V (eqn 4.2) 


where V is the pressure transducer voltage. Calibration was 
assured and checked at various intervals by manually connect- 
mie the water manometer to the entrance nozzle and correlating 
the pressure drop reading of the manometer with that of the 
pressure transducer. 
ee remperature Measurement 

Two types of thermocouples were utilized. Combustion, 
uptake, and mixing stack wall temperatures were monitored by 
iype K thermocouples. Type IT thermocouples were utilized to 
fomrtor inlet and ambient air, fuel, shroud, and diffuser 
hing temperatures. Reference 1/7 details specifications and 


mometenee VOl&LaceS for the thermecouple types utilized. 
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Thermocouple voltage readings were reduced to actual 
temperature readings using National Bureau of Standards poly- 
nomial reduction coefficients. To effectively utilize emo 
memory a nested polynomial was used. ihe coefficients eee 
each type of thermocouple are listed in Table IV and age) 


reduction formula is shown below. 
Tape] = Out x(0,+ x(a, + X(a,4 +(24)))] ce ORDER] (eqn 4.3) 


An eighth order polynomial was utilized to reduce lypewigga a 


and a seventh order polynomial for Type T data. 


E. ‘MODELS TUT tii Aen 

Two eductor models were tested. Verification runs oie 
data acquisition system were conducted using Staples' Model A 
Modified [Ref. 12] as the pumping €haracteristics Of tue 
model was known, hence providing a validity check for the 
computer system. Characteristic model dimensions are shown 
in Figure 6. The nominal diameter of the mixing stack is 
7.122 inches, is the same dimension used in previous research, 
and is 0.6087 scale of the cold flow models. The second 
model was similar to the first exeept that the ditiuse maa 
geometry was altered te reduce local hot spots identified by 
previous research. Fistre O depweroenomindiedimens tones 
Table V1 shows a comparison between tie chargerer toi oo cer 


the two models. 


Bei 


ecm memezzic plate. common to both eductors con- 
Mees Ot f£OUr angled and tilted mozzles. Nozzle tilt is 
ice corecs from vertical and rotated inward 20 degrees from 
the tangential direction. Figure 32 details nozzle geometry 
fem igure 29 depicts a typical model installation. 


Model A Mod is discussed in reference 12 and detailed 


Piemelons are SsnmoOWwn in FPigure 53, Figure 4 depicts the dimen- 
SHons Of the reconfigured model. The major modification was 
momernie ring assembly. Although six rings were employed, as 


Meeiotapnles’ model, the characteristics of each specific 
ring were altered to, as mentioned earlier, reduce local hot 
fobs. Figure 34 details individual ring specifications. 
miermocouples were installed along the length of the shroud 
to serve aS a comparison to readings obtained from a hand 


Metd Omega Engineering 8/71 Digital thermocouple. 
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V. EXPERIMEN] Ale sis 


Awe MODEL A MODIFI GRRE Stisis 

Figures 38 and 39, supported by Tables 1X and X > demu 
the pumping performance Of Stapics Wicdete A logrt toaea. 
collected by the HP 85 data acquisition system. These two 
temperatures bracket those tested by Staples and correspond- 
ingly, also bracket the pumping coefficient data col lege 
by Staples. Based on these results the validity of (items 
acquisition system was confirmed and modifieation tomer 


diffuser rings begun. 


B. MODEESB RESUi is 
1. Pumping Ability and Mach Number 

Figures 40 through 50 and Tables XI through XXIX 
represent the data, both raw and processed, obtained with 
this model. Figure 952 represents a summary of pumping vee Cems 
ficient verses Mach number at the two uptake temperatures 
SlLuUG ue de 

It should be noted that two data tables are presen 
for each Mach number. The research showed that the pressure 


drop acress the entrance nozzles (DELPN) varied signif ?cammm, 


during the runs. This can be £o0und Dy C€xaminine the £1: 
table for each Mach number. |IitmsSe1s (auc te tae Wotiecmen 
data acquisition. The scanivalve allows a2 one tines Voce a 


a specific channel, hence not allowing for transients 1niomoms 


oo 


[Mmtits type Of test facility. In an effort to reduce the 
ied scatter the pressure readings were averaged over the 
ewe puUMping characteristic runs. The second table at 
€ach Mach number represents this data. The value of the 
mameing coefficient was found not to vary with the method 
Semcata reduction and therefore only the actual data taken 
meet aphically represented. 

At an uptake temperature of 1075 Ee Slreiieinierec2ase 
mapumping coefficient occurs with decreasing Mach number. 
Mes relation is extremely vivid at the higher uptake temper- 
ature of 950°F. A 15% rise in pumping coetfigment was re- 
alized between M=.06 and M=.024. Closer examination of the 
data reveals the same relative increase in secondary to 
meamary mass flow rates, accounting for this increase. 

At M=.06 the pumping coefficient is greater than 
Bhat reported by Staples for Model A Mod with ne crossflow 
feet. 12]. 

meee EXIt Plane Temperature Profile 

Crapnweal representation of this data is presented 
mim isures So Lhrough 5/7, Table XXXI contains the tabulated 
data. 

Micmiatascolbeccted ateasMach number of .UO is lower 
mrmeeinat collected by Staples, as was expected due to the 
miereasemin pumping Coemficient. A maximum exit plane temper- 
ature of 579°F was noticed whereas Stoaplcoemoctced a maximum 


me O86. 
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No significant degradation Or increase was Notmeen 
as the Mach was varied. A slight increase in aHe profile was 
noticed at the outer edges of the exit plane, resultim@eeeee 
slight increase in outer diffuser ring temperature. Goce 
symmetry was noticed in the data at all Mach numbers tested. 

3. Mixing Stack Temperatures 

Table XXXII contains the data presented ¢raphicame, 
in Figures 58 through 62 regarding mixing stack temperacumoee 

Originally twelve Type K thermocouples were Wsocauee. 
determine the film cocling effectiveness of the slotted mixing 
stack. Figure 3 depicts the location of these thermocouples. 
One thermocouple, number 7, ceased to operate during cold 
Flow testing and due to testing requirements was NOt Trepieeecas 

At M=.06 the maximum wall temperature noted is 346°R 
which is lower than that reported by Staples (357°F) but 
higher than that reported by Kavalis (320°F). Kavalis (em 
11! reported that the flow interior to the mixing Stackwes 
not uniform due to the nezzle induced swirl. This is aceamn 
discussed by Staples [Ref. 12] and also supported in this 
research. Relatively large témpeérature diitterentia!s ioemess 
between adjacent thermecouples as a result of this non- 
UlieoO Rm it 7. 

Regarding Mach number, a slight température varie. 
was noticed as the Mach number changed, especially at M=.024. 


This variance was not Silg@nitieayeymonever. 
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eternal temperatures 

Peres OS) through w/ sand fable XXXI[i depict the 
iemecowmcctedsexternally to the model. External measurement 
iigetrions are presented in Figure 33. Type T thermocouples 
Moet lized to monitor diffuser ring temperatures as well 
as selected locations along the shroud. 

Praplesmiket. “laijereported ay transient nature to the 
aaa Obtained using the portable Type K Omega Thermocouple 
Mmeobe. This phenomenon was not noticed during this research 
emcee xcellent correlation (# elon between this portable 
thermocouple and those permanently installed was achieved. 
Consequently, the probe data at installed thermocouple loca- 
Mmiems is not presented. The probe was essential in examining 
Mmereeetons exterior to the shroud and diffuser rings not 
Semered by installed thermocouples. Fifty to sixty locations 
were checked during each run, looking for "hot spots," espe- 
Mmemelyein the vicinity of the mixing stack termination. No 
memoeeratures greater than those listed in Table XXXIII were 
Mocated. 

Diffuser ring temperatures at M=.060 are significantly 
imewer than those reported by Staples [Ref. 12]. Although 
mime temoeratures increase slightly with decreasing Mach 
number, they remain lower than those reported by Staples. 
mies increase in pumping ability accounts for this fact. 

A temperature ''spike" at X/D = 1.068 was reported 


ieee epiles ws (hiss location 15 at the termination of the mixing 
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stack. Ring was extended from L/D = 41 to L/D = 35 toms 
this location. Omega probe readingswae this Location sma 
Significant temperature reduction at all Mach numbers. 


Temperatures along the shroud also were lower than 


those reported earlier, except at X/D .125, where theyaiere 
higher. 

Mach number has slight effect on@these temperadtumes 
however, the maximum external temperature remained lowommeaaa 
that reported by Staples. 

5. Mixing Stack Pressures 

Figures 68 through 72 and Table XXXIV contain the 
mixing stack pressure data. 

All mixing stack pressures were effected by Mach 
number variance, increasing with decreasing Mach number. 


This would account for the increase in wall temperatuae 


noticed. 
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ViteeeoNe LUSTONS 


The implementation of a computer aided data acquisition 
System and the study of Mach number effects on exhaust gas 
meek Eeductors have been the salient features of this research. 
Based on the data collected the following conclusions are 
Imestulated: 

iim ine data acquisition system Significantly enhances 
f[eetecollection and reduction, nowever, certain precautions 
meed to be taken to prevent data scatter. 

2) The shroud and diffuser design studied is more effec- 
Mimemand efficient than previous designs. 

3) Mach number decreases improve overall eductor 
mer-zormance. 

4) No increase in external temperature occurs with 
Meereased Mach number. 

See exit plane temperature profile 15 not significently 


affected by Mach number. 
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VII. RECOMMENDATIONS 


Prior to testing future models or designs for fleet use 
the following 1s reccommended: 

1) Medify the fuel system to allow greater controls 
higher Mach numbers. This should include replacement of 
the high pressure pump and motor and replacement Or Ove mam 
of the fuel control valve. A variable speed pump andwiigean 
combination is recommended to facilitate more accurate fuel 
pressure control and avoid the decrease in pump eftvercme. 
from heat idme. 

2) Install a flow metering device in the fuel supply 
System to asSist in data acquisition. 

3) Monitor entrance nozzle pressure drop at 4 or 5 

canivalve channels via a manifold arrangement to decrease 
data scatter at low flow rates. 

4) Replace the inlet air valve with a motor controlled 
valve similar to the cooling air bypass and burner air valves 
to allow positive control of the inlet air at the contuam 
station. Control is essential! at low flow ratés due tome 
increase in burner ténperaenee oe 

5) Modify the fuel fill system to enhance retuelingwamd 
avoid spillage. 

6) Install an additional LED display to allow simulta- 


neous monitoring of burner -amgeiip es ew tenes ergeoe 
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Figure i14. Combustor Air Piping. 
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Uptake Section. 


Figure 15. 
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Figure 1/7. Air Compressor Suction Valve. 
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Cooling Bank and Bypass Discharge. 
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Figure 18. 
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Cooling Water Pump and Tower Fan Controllers. 
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Figure 20, Auxiliary Oil Pump Control. 
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Figure 24. Model Installation. 
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Model B Exit 


Figure 28. 


ee 


—er eee eee ae Gee ee ee eee ee eee ae eee a ee oe ee ee ee ee ee ee 





omy ted il ete” 


agen ain ete 


LE 
ee ee 
yyy 





— = >= rr Sc cc re cry ee eg ce ce Ce ec ce ee ee ee ee ee ee ees 
—_ ao SS ee ee ees ee eg ce ee eee ee cp ee ee ee ee ee eee ee — —— wa — 


{pean a gee eet. 


74 


bt On 


le 


ort 


! 


Typical Model 


f 


Fo eae 


WT XS 
AN ANS 
SN 
SS 





ABE EO <I ees ee e ee 


Figure 50. Exit Plane Temperature Measurement. 
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Tilted-Angled Nozzle Plate. 


Figure 531. 
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Table I 


ROtaMnectvememcalibration Data 


Rotameter Container Wt. (1b) Elapsed Flow 
Rdg Empty Bub Net Time (sec) Rate (lbm/sec) 
8 LEO eo 0.08 120 .000667 
10 ee aoe UG Za UD eS 
ies Hee ENS, RS 20 YU CZ55 
Z0 aoe Za D5) 12.0 .90418 
ZS eos 2.45 Orer 2 0 .00642 
30 09 Zn 1.04 ae SOU Son 
3 eee rel o20S Lao 20 mae aeZ 
40 ee 0) Soe ieG2 P20 yOlrSse0 
55 lees 3.08 oe £20 .01142 
30 OS gated eee eZ POO eG 
25 eos 247 er 120 HO0G>c 
20 ger 1 Decal Om 120 .00417 
> OS io Oso 120 SUG2 3. 
10 ire el eo Oo 120 SOS 
5 Oro eee 0.08 era, SO0GO/ 


Table II 


Data Acquisition System Device Codes 


eves 


HP coy COMPUTER 


HP 3497A SCANNER 


HP SZ 904A DISK eh Rie 


HP 7470A PLOTTER 


DEC Wiss4 PRINTER 


HP “PR? CODE 


D/00/ Dae 


10 


ef 


DVM 


tape II 


ScCanivaiasemealipration Data 


READING (volts) MANOMETER READINGS (in H50) 
UO a 25 Ors 
.000384 7740 
.000097 0 2 
mOCO LOS 0.0 
mu O00 S 7 ee 0 
.000286 Deo 
.000497 oe 
moO? 53 29.6 
.000562 = 8 
mUuUUG? 3S -8.7 
.000483 oe dD 
eUOOZI? Led 
.000183 = Il, 2 
.000164 S079 
mu Z 09 LO 
eO IO 7 12 =O 29 
.000128 3.4 
.000063 irae 
OU Si5 Jee lBES) 
OOO ee 
.000004 ee 
.000007 1.45 
CO iOS 2:9 
.000454 8.45 


Table IV 


Thermocouple Polynomial Coefficients 


ier Erk YP Sak 

0.226584602 OF LODE oO las 
7412 «LO F08 250 Zi eo tO 
67233.4248 =/ 67 940 070 
2210345 00082 10025 5 omeoel 
SoU 9659147 9 -9247486589 
(es SoU Dae 0 6797006 Ela 
Shoal -2,001 9225s 
T.o302:” pales 5. S04 7S Pele 
26.53/08 Cele 
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Yable V 


HP 3497A Slot and Channel Assignments 


SLOT 1 (Type T Thermocouples) 
Assignment 


Fete lee bene ay: 
Ambient 

ne ee ela 

Dae eS ei eZ 
Diffuser Ring 3 
Shroud Ds— 2.6725) 
Drei tuser kine 
Slanoudut7 1) =) esl) ) 
Diffuser Ring 6A 
Dist hucer | kine won 
Die USC Tekno et 


Shroud (X/D = 1.068) 
Shroud Ge b= 25) 
Shoouds (0; 0= = a5 75 ) 


Diffuser Ring 4 
SLOT 2 (Pressures) 
Assignment 


ALMos paer yc 
EduGHOm. Lalo 
Eduiceor shan 
Eductor Tap 
Eduiceeonr.. ay 
EdUGtor lan 
Uptake 
Plenum (front) 

Plenum (rear) 

Eductor lap 2 

Eductor Tap H 

Poe Fone lapeG 

Aj clene 

Enurance Nozzle Outlet 

Joe vets: Wier Ite Meise 

De lube winear 1solation valve } 
Uebube (near burner } 

DEO OS sao melmary NOzZzZ1es ) 
Atmospheric 


@ a & bt 2 


P22 


SLOT 3 (Type Ko lwevwmeceninikess 


Channel Assignment 
40 Bxmee Plane 
4] Uptake 
42 per lite we 
43 Nozzle Box at Second Burner 
44 Plenum 
45 Mixing Spacek 710 
46 Mixing Stack #2 
47 Mixame S@ack 7 ii 
48 Mixing Stack #4 
49 Mixing Stack #9 
50 Mixing Stack #5 
mel Mixing Stack #3 
ae Mixing Stack #6 
55 Mixing Stack #1 
54 Mixing Stack #7 
0 Mixing Stack #8 
56 Maxine Stack ia 


2S 


cate ol 


Mode ecroimemandetkeristic Comparison 


Model A Mod 


Mixing Stack Assembly L/D Las 
Paxing Stack 

Inside Diameter te ae 

L/D it 

Rows of Cooling Slots 4 
pameud Start Position (X/D) les 
Diffuser 

Number of Rings 6 

Ring Length (L/D) pal 

Half Angle 10 
Beandoff Distance (S/D) US 
Primary Nozzles 

Number 4 

Type Tivec a negeed 

(157-2,0)) 

A_/A Des 


124 


Model B 


Tilted-Angled 
es/2.0:) 


Deo 


Table VII 


Air Mass Flow Calibratronevata 


PNH+B APN (PNH+B) «APN, °%5 Ma 
(in. Hg) (in. H,0) L-TNHR (1lbm/sec) 
eb 2.0 0.319 0.554 
Beak 2.0 Nes O55 
es 2.0 0.319 0.591 
es 4.0 0.459 0.833 
32.65 4.0 0.462 0.838 
Bos 4.0 0.435 0.852 
eens 6.0 Ty 1.026 
EOS 6.0 0.579 Toa 
38.65 6.0 0.606 11s 
38.55 8.0 0.706 1.295 
= oraies 8.0 0.705 1.300 
47.65 § .0 0.774 1 dee, 
Sess aS 0.827 1.595 
47.95 10.0 0.875 1.634 
48.75 10.0 0.877 1.643 


ZS 


eee le 


Air Mass Flow vs Pressure Product Data 


m 


Fee Pressure Product 
Oe 4 0.319 
eo) Oe oie: 
Omeso | Ola Sieg 
Os 5 5 0.459 
0.838 Oto 
O85 2 07455 
2026 Qraeioee 
LO 0.579 
T2126 0.606 
ee 95 Oi 7 06 
1.309 Quai 
er 7 0.774 
12595 Oy o2F 
1.634 Oeiewes 
1.643 OS 
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Pumping Coefficient vs Mach Number Data 
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Table XXXI 


EX1t Plane Yemperature 2rennlcemesss 


Radial Position(in) M=.06 M="105:5 M=.047 M=.036 M=.024 
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Table XXXII 


Mixing Stack Type K Thermocouple Data (°F) 


PUP Te 5 0 
Thermocouple # M=.06 MoU 5 M=.047 M=.036 M=.024 
il 288 286 247 2 283 
Z 145 ey 145 es 0 0 
5 Zon 247 243 ZA 287 
4 SU 205 od 288 oe 
5 ez e210 124 126 es 
6 346 342 aos 534 341 
8 27 2 304 346 346 345 
9 0 S05 304 aoe 398 
Jue oS 138 137 142 180 
ie 196 194 186 188 ES 
eZ 62 OZ 62 64 64 
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hab Vem Cer) | 


Shroud and Diffuser Ring External Temperatures (°F) 


TUPT = 950 

Leeati on M=.06 M=.053 M=.047 M=.036 M=.024 
Diffuser Ring 1 oa To ea 71.64 (55.08 $ 0 P26 
Z 72.48 Tce ieee 74.69 78 0 

3 S302 $3 750 S525 85.98 90 

4 79.99 7 265 729 oi. ae 87 231k 

6 70.09 69.03 0 ae Tener 73.06 

6A Oo so 68.49 68 oS 71.24 7 See 

6B 69.47 oe al 68.68 7 leoael 7 4 

Slavonia O67 I) 

iO Gs see 144.68 a Loe 159 57 

Leis a 2 89.7 88.6 89.8 90s 

750 84.93 84.93 84.63 $9249 O7 al 

.688 80.3 SUS 80.4 So ose 

.625 Tasos 74.5] 73.98 7 ole 87.49 

aor S32 84.5 Sol eas 97.6 

458 87.4 88.7 8 as 92.5 1026 

moe eS 94.21 05 n5 94.68 Se 1093 

oS 8on2 90.3 89.6 SAS 103a6 

188 93.4 95.6 94.2 1002S 10833 

B25 100.44 102 207 Oia ie 107 49 L116 

Pie eS 96.8 98.2 97.2 103.4 110e% 


Table XXXIV 
Mixing Stack Pressures 


an H,0 ref. to atmospheric) 


Emcssure lap M=.06 M=.053 M=.047 M=.036 M=.024 
A Lie 55 = eee len wea -1.958 aol 2 
B S20 OO +2409 a2 292 = eeO9 ie oo 
C mics -3.128 eee 2 si) -2.049 
D oes 599 seis} -2.004 oe oo -1.806 
ie tie: | -2.141 = 2 pale) -1,.944 el oo 
F -3.703 - 3.036 -2.732 -2,.368 -2.065 
G eZ SE pee LOL -2.049 eulenro oar 
H 72.475 S209 5 =2,,095 -1.944 SwO Sif 
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APPENDIX A 


DEG "COMPUTER Uli ii siehes) 


Walsh [Ref. 14] discussed the inability to utilize age 
ment given to the Mechanical Engineering Department asians 
of a research grant. Four VT103 computers and four DEC} 
IV line printers were received. Walsh was unable to utilize 
the computer to "talk" over in JTEEESISS6 (Standadedat amass 
despite repeated software efforts. Consequently the bus 
control card, called the IBVII A, was determined to be ama 
and returned to DEC 7 for Spon 

This research attempted to utilize this equipment follow- 
ing repair of the card. References 15 and 16 detail Spee 
guidelines for the user to follow in creating the bus handiing 
routines necessary to communicate over the IEEE-483 bus: 
These instructions were followed explicitly. | Upon runmaee 
a DEC system test an error message was noted that staece 
that the IBVIIA was not physically present in the compWirenue 

Utilizing an Octal Debugging Technigue (ODT) peculliaa 
to DEC computers the control Status register of the 1B Vviaee 
was queried to determine card location. It was possible te 
read from and write to this location and therefore the cam 
was assumed valid. 

Another attempt to rebuild the bus handling routine 


proved futile, with the same error message appearing. The 


5 


RT-11 Team, a reference group employed by DEC, was contacted 
ana the problem discussed. The team stated that the IBVI1I1A 
meeeone O1 DEC"S more obScure products and in-house knowledge 
meiared. "No solutions Other than those already attempted 
Meme Suggested. Contact was made with the sales representa- 
tive who sold the board to the Mechanical Engineering Department 
momme avail. 

ieee sispectcd that tne inability of the card to operate 
ieeperiy 15 Software related. In order to exactly determine 
this, the bus handling routines need examination using ODT 
to determine the exact flow of data between registers. This 


is a time consuming process and was not attempted. 
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APPENDIX B 


GAS GENERATOR OPERATION 


IT. PRIMARY AIR COMPRESSOR OPERATION 

Primary air flow is supplied by ag@aqrvitcrethireces saa. 
centrifugal air compressor located pic peli oc ee 
Western Gear Model 93HSA sneed increasing gearbox conneem. 
the compressor to a 300 horsepower General, Electric ingame 
tion motor. Figure 16 depicts the air compressor. ~Coo mene 
water is shared with a Sullivan compressor also located in 
Bullding 2ec2 

Cooling water cools the system lube oil in a clesed@igas 
011 to fresh water heat exchanger. Lube oil 1s suppliedmi 
either an electric auxiliary lube oil) punp er, an yatta 
lube 011 pump, both of which use a common external) puner 

The compressor lube o11 system should be started appiieeem 
mately one hour prior to compressor light off. This ablervse 
adequate pre-lubrication, warmSwencwot es | oh ona 
decreases starting loads. Yhis is critical as the compreeees 
operates near breaker capacity during Start up. ~choud@aae 
substation breaker trip the Public Works Trouble Desk Shiomm 
be notified in order that base elleetrician> cay tesc cee 
breake 

At times it is required to operate the compresson Gale 
The auxiliary lube oil pump may be left running oVverniehieee 
facilitate timely startup ofeencmeonpmccsci. 


ps5 


PPOtimenewincin alter Stare up the compressor reaches 


Steady-state operation and provides inlet air at LPS se 


ienrscenccommended thet tre=amlet air temperature be stabil- 


Pmaedwoilecrete Cac Senerator Wignhtofft to ensure stable opera- 


tion during individual data runs and decrease the number 


Meameconwtrol adjustments necessary at e€ach system opération 


point. 


A) 


B) 


C) 


D) 


iwes1ollowine sequence is recommended: 


et tite eve = lee ort level jin the external sump is 


VieteieHOuTmincnesmwrenlineatne Lop Of the Sight glass. 


‘ante tlc auxiliary lune Oil pump Dy placing the “hand- 


Tie Auponatile Switeh im the “hand’™ position. Check 


Heuecsstem leaks and yerify lube o1] pressure of about 


BUS pS ie. 


Wait until ccompressor bearing temperature reaches about 


O° FE. 


Pcie nomads CChehaton tor soOperat 10m. 


1) 


2) 


3) 


a 


> ) 


Open the two pressure isolation valves (Fig. 13). 
PiciGemriae athe Midian Supply butterfly valve is 
elosed. 

Qpen the inlet air bypass globe valve two to three 
Tuan wes | 1.5). 

Coen newmanuallysoperated 4 ancm butterfly isclation 
valve (Fig. 14). 

Ese iemeveoematnecontrol panel (Pig. 11) and fully 
open the electrically operated burner air and bypass 


air Valves. 


a6 


6) Ensure that the gas generator exhaust area asec uo ie 
E) Start the air compressor coo img. one 
1) Ensure that the water level in the coolins tewerwa 
level with, that of the infer aimee 
2) Vent the cooling water pump casing using the peteee. 
on the suctlongeidese ts ric oui 
3) Close valve "A" to the Sullivan cempressor and open 
valve "B" to thegGarr ver ecomome- cco 
4) Start the cooling water pump and fan which are inter- 
locked and must be Stamted in tiateordar: 
5) Verify proper water circulation by visually anspeeuea, 
themed ipa tees 
F) Open the air compressor air cooling bank drain valve 
CEigee loa 
G) Fully close the compressor air suction valve (indicator 
vertical) "(bijgay e 
WARNING WARNING WARNING WARNING WARNING WARNING 
Hazardous noise is produced when the compressor 1S Yugi 
all personnel in the vicinity shculd wear adequate aural 
Diouce ulhone 
H) Start the air compressor noticing the autcematic two Sue 
SGay beg el jeuscer 
I) After the compressor is fully up to Speed secure the ama 
liary lube oil pump by placing the switch in the) aucee 
matic'’ position. Verify lube oti pressure jon 24-308 pee 
The auxiliary pump will automatically start should prec eu 


CROP et Ce eemlsee 
lee 


J) 


K) 


Tl . 


aay 


A) 


lor @aermem the Suetron valve until the indicator is 
DO CGeaontdi momo wNDeIne Supplied to the gas gener- 
DUCmmmen eric Anion Ot Otler experiments 1S exhausted to 
Pim nnNGamichomdtuthiesrearsot building 230. if required 
this flow can be secured by closing the isolation valve 
iccotcmmrnsi@ecethesaddition to tie back of building 250. 
Periodically check compressor operation to ensure the 
heLlowime Operating points: 

Attached lube oil pressure 24-30 psig 


IS Gill eo@ lei Yebelsie ieiojuhe 100-105°F 
(135°F Max) 


Compressor bearing temp 140-160°F 
(180°F Max) 


Speed increaser oil temp 120-130°F 


GxorGeNeEkRaAIOR LIGHT OFF 

Meproximacely one and one halt hours atter starting the 

compressor the gas generator may be lighted off. 

Piet=el Miniumecs Prior CO 1¢nition line up the fuel system 

as follows: 

ifmemOpen the tuel tank suction (Fig. 21) and bulkhead 
moOmatenen (Fig. 22) valves, 

Beeelococmeanen solenoid operated Wels cutorit valve and 
close the HP fuel pump manual discharge valve. 

Bi Gpenm cue nozzle box drain valve. 

Peco c@meuremiuelmecontrol Valve (Fig, 23) and if this is 


the first time the system is being utilized, open the 


Se 


B) 


5 ) 


6) 


7) 


8) 


The 


needle trimmer valve (Fig. 22). If the trimmer valve 
is not known to be set properly adjust it following 
the Rext ewer  swcpse 

Start the fuel supply pump and@ observe tucl@pressum. 
of 14-16 psace 

Start the HP fuel pump. With the manual control: 
needle trimmer valves open system pressure will be 
about 25-30 psig. With the needle valve properly set 
the pressure will be 80-90 psig? 

To set the trimmer valve, open it fully and close the 
manual control valve. Close the trimmer valvecugieam 
the HP pump discharge pressure 1s 350 psig. "Viajsaieuee 
the trimmer valve and permits operator control onear 
HP pump discharge pressure over a range of $0-3500gee 
To facilitate combustion and ensure a clean light off 
set the HP pump discharge pressure at 200 psivomag 
allow the fuel to recirculate for 10-13 manwee se 


gas generator may be lighted when the inlet alr tere 


perature reaches 170°FR, 


9) 


2) 


Adjust the inlet air bypass valve to achieve a prea 
sure of 54 inches of H,0 at the upstream side of the 
inlet reducing section (PNH). 

Open fully the burner air valve. Adjust the cco 
air valve until the pressure drop across the U tube 
is approximately 1.6 inches H,0O. It may be necessary 


to reduce PNH slightly to achieve this presstjc eee 


eo 


-— 


| 


5) 


7) 


8 ) 


9) 


10) 


tei one coUpemanope across the inlet reducing 
Secturon (NELPH) of abemte 12 inches H50. 
QvueimenceManulalediSemange valve. 

Cae Zee cxreminomesl) displays monitor TBURN 

and TUPT. 

Clear the gas generator exhaust area. 

Poemne wi. clei maMmenhdree pressure at 150 psic. 
DepressSedidmpola down the sprine Joaded ignitor 
switen tor M0eseconds. 

CO me Om lOLImOmimer nc Hoikeon switch end open the 
SVleiCwimone TAECamenongeney mule lmeurort valve. Within 
Cesc cone siommerion omeuld be Observed. If the gas 
Cenvctdiwmmallaqgt® IgMtee close the semergency cutoff 
valve and release the ignitor. The system should not 
Dear ecrdet eo Gmiitn mca awe ticl 15 being expelled. from 
iC e —ioOazlocm—erUctwi id collect at the base 
oeeieomaccOlddtmeap cil Deloyw the Primary nozzles 

idee toc De Wipedalip prtob to restarting the igni- 
PEC SOG Mence . 

Reledcemrene Uenitor Switch when igmition is observed. 
Pole mie t wstemperature approaches 1100°F reduce 
ficMiMcimeOGesslle —tO approximately /0-/5 psig which 


Voi eet cmouincm fenmeratire between 1059 and 11SO0°F. 


DO NOT ALLOW TBURN TO EXCEED 1500°F OR FALL BELOW 1000°F 


ree le wOpetltueommatea desired burner temperature can be achieved 


by closing the j@ooling air valve 50 percent. 
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Should TBURN fall below 1000°F white smoke will appecaruae 
the exhaust. Combustion ceases at 8090°F. Should this happen 
IMMEDIATELY secure the solenoid operated emergency cutoff 
valve. The ignition sequence should then be restarted. 

The above sequence leads to stable operation with ameammee 
take USitipe tao iiec mmo 400-S00°F and an uptake Mach number "om 
about 01.07% 


DO NOT ALLOW TUPT TO EXCEED 1200°F 


11} Close the nozzle box drain valve prior to adjus=am: 

the uptake Mach number. 
Ili. TEMPERATURE/MACH NUMBER CONTROL 

Control is obtained by sequentially adjusting the uptake 
temperature (TUPT), inlet air pressure (PNH}, and bypass eae meme 
air flow. This process is frustrating at first and Yequaaaee 
considerable expertise to Master etficicniig. 

The effect of the bypass cooling air valve depends on the 
initial position of the valve. I1if the valve 15 more thang 
yercent open, further opening of the valve anereases [BUEe 
however, the increase in the amount of cooling air negates 
this and lowers TUPT. When the valve is initially less than 
590 percent and especially when it is less than 25 percentyep mm 
opening of the valve will raise the uptake temperature despite 
an increase in cooling air flow. Considering these itceme 


the following adjustment process is recommended: 
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A) 


B) 


C) 


Obtain the desired uptake temperature using the fuel con- 
trol valve ensuring that the burner temperature stays with- 
in the 1000-1300°F range. 

oo nL MmapprOvehecmemtierone Of Lhese limits, adjust the 
bypass cooling air valve or the inlet air valve, depending 
Mmuicmoney TOUSMODeCTatIng Condition. »Key parameters for 
(2cimnumoer COntrol dre TUPT, PUPT, and DELPN. Safe com- 
bition Tsecisureduby monitoring ITBURN. 

Once stable operation is achieved with the desired uptake 
temperature the uptake Mach number (UMACH) should be 
Verlrtied prior to commencing data acquisition. Use the 


following formula: 


es H SS 
UMACH = 1037( | % f [ (issi0 +B)s err 








(eqn B.1) 
+(4014 * ROTA~3.0904)/ (Bt Ena} 


where 


UMACH = uptake Mach number 


TUPTR = uptake temperature, R 

% Seratio O1 speeiire Nedes fOr air, 

PNH =Siilet alr epressure (in H,0) 

B = barometric pressure (in Hg) 

Ee Pee mtndice Mowzle pressure drop, (in H,0) 
Viit—weintvet air temperature. K 

ROTA = rotameter reading 

PU GR emupcake pressure, (in HO) 


G2 


D) 


E) 


ee 


A) 


SPECIPIC HEAT VARUES  hORw wa 


eae ve) ¥ 
7s eS 1 
650 lou 
750 1.3677 
850 is 6 
950 1.3556 


Obtain the desired uptake Mach number of adjusting tienen 
take temperature by varying tne combination of inlet wenen. 
valve, cooling air valve, and fuel ccntrol valve Ssetuanee 
Once the desired Mach number and uptake temperature have 
been achieved, little control changes are necessary. 
During pumping coefficient runs slight control cham. 


may be required upon closing the secondary plenum 


SECURING Sires von 

Shut down the gas generator by reducing fuel pressure to 

minimum and immediately secure the emergency solenoid 

operated fuel cutoff vaive. 

ly) Secure the HP enc Eevniiae 

2) Secure the fuel supply pump. 

3) Open the cooling air bypass valve. 

4) Open the inlet air bypass valve until PHN is approxi- 
mately 62 in H,0. 

5) Continue to operate at this point until whe upea 
temperature falls to approximarel) Cheyanne 


Lempe?racume : 
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B) 


C) 
D) 
E) 


ie) 


6) 


Close the fuel system bulkhead and tank isolation 
valve. Refill the fel supply reservoir as this 
pao wicmesmeOndenmotel OnE tme reservoir. Water 
or sediment can be stripped via the stripping 


Scommec t..0n . 


Onee the gas generator has cooled the air compressor may 


be 


>) 


6) 


secured. 

Close ticusuect Lom valyc. 

Stop the electric motor. 

Nowe ene sedi oressure talls to Z0 psig start the 

AU clan Muipe en sou 

Poko V encom lub moll svstemeta Operate until bearing 
temperatures are below 80°F. 

Secure the auxiliary lube oil pump. 

Sccumen Ene coo line wauer tower tam and cooling water 


pump. 


Close the 4 inch butterfly manual isolation valve. 


Close the inlet bypass globe valve. 


Open the nozzle box drain valve. 


Seoelre mine main power panel and Secure the data acquisi- 
p i 


flOmesy Stem: 


Fe ts) ate 


UNCERTAINTY ANALYSIS 


Kline and McClintock [Ref. Kline] describe methods of un- 
certainty analysis which were utilized in the calculation of 
pumping coetficient uncertainties. Hill [Ret- Hill) topmepaee 
the basic uncertainty analysis of the hot flow facility. 

Staples [Ref. Staples] corrected the analysis for modificatwen. 
to the fuel measuring equipment. The second order equation 
Suggested by Kline and McClintock is applicable in this 12302 
and the results are listed here. 


UNCERTAINTY IN MEASURED VALUES 


Parameter Value Uncertainty 
TAMB 541 R tl 
TURE 14 2oeR ll 

B CO eee + 0.004 
DELPN 6.00 in H50 + Og 
PUPT 2. ein H,0 + Ope 
ROTA Ls) + OR 
PNH 622, 0 an H,0 + OG 
TNH 640 R + ae 
Pein Eom H,0 + UR 


UNCERTAINTY IN CALCULATED VALUES 


pe le: 7) eos 
W*T** 44 eo 
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APPENDIX D 


DATA ACQUISITION PROGRAM 


5 REM 

10 REM FILE NAME RIGACQT 

15 REM WRITTEN BY LT. R. W. WHITE 

20 REM NPGS, JANUARY, 1984 

25 REM 

30 REM PROGRAM DESCRIPTION: 

35 REM THIS PROGRAM ALLOWS SEQUENTIAL SCANNING OF A SCANI- 
VALVE BETWEEN PORTS 

40 REM SPECIFIED BY THE USER 

45 REM TEMPERATURE DATA ACQUISITION IS ALSO PROVIDED. 

SO REM THE SCANIVALVE AND THE THERMOCOUPLES ARE ACCESSED 
VIA AN HP 3497 SCANNER. 

55 REM 

60 REM 

65 REM VARIABLES UTILIZED 

70 REM L LOW PORT 

75 REM H HIGH PORT 

80 REM 

85 REM 

90 REM 

95 REM 

100 REM 
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De 


170 
Wigs 
Wao 
ili 


180 


1290 
Los 
200 
oes 
20 
Zale 


Zl 


REM 

REM 

DIM X(42 v2 on 

DISP ''ENTER DATE OF RUN EX 12AUG83" 
INPUT D$ 

DISP "INPUT RUN NUMBER" 

INPUT R 

DISP "DATE OF RUN:'',D$,''RUN NUMBER:',R 
PRINT "DATE OF RUN:",D$ 

PRINT ''RUN NUMBER:"',R 

DISP "INPUT BAROMETRIC PRES." 

INPUT B 

PRINT “BAR. PRES. :".B, "IN HG 

DISP "INPUT ROTAMETER READING" 

INPUT F 

DISP "INPUT GAMMA, AIR SPECIFIC HEAT RATIO" 
INPUT G 

DISP "INPUT DATA FILE NAME" 

DISP "FOR PRESS,TYPET,TYPEK"' 

INPUT P$,T$,KS$ 

ASSIGN# 1 TO P$ 

ASSIGN? 2. 1.5 

ASSIGN: 5 TO KS 

PRINT# 1; D$,R,B 

PRINT# 1; G 


PRINT# 2; D$,R,B 


a? 


BSD 
260 


ZO) 


Zio 
280 
23h 
296 
Zo 7 
300 


505 


a0 


510 


PRINT# 2; G 

PRINT# 3; D$,R,B 
PRINT? 3; G 

REM 

REM LOOP FOR SEC. AIR 
FOR X=1 TO 12 

REM 

Pounce? 1: xX 

PRINT# 2; X 

PRINT# 3; X 

S=1 

REM 

REM GET S/V PRESSURES 
DISP “READING S/V" 
REM INPUT L 

REM INPUT H 

REM OUTPUT 709; "SC" 
REM OUTPUT 709; "AR" 
FOR I=1 TO 19 

SUmeume, 09. "De4 00" 
BOReJi=1 10 40 

NEXT Jl 

Cmte "Dod 00" 
CMe Un OSE AT 31 
ENTER 709; V 


A=0 
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400 
405 
410 
415 
420 
425 
439 
435 
440 
445 
430 


455 


OUTPUT 709; "AI20"' 
ENTER 709; Z9 

IF Z9>=4 THEN 350 
A=1 

OUTPUT 709. e" Alans 
ENDER 07 386 

IF G>=4 THEN 370 
A=A+2 

OUTPUT 70S. is 
ENTER 709; H 

IF H>=4 THEN 390 
A=A+4 

OUTPUT 7037 2s: 
ENTER @7 09a.) 

IF J>=4 THEN 410 
A=A+8 

OU GE Oe ie 
ENTER 709; K 

IF K>=4 THEN 430 
A=A+10 

OUTPUT 709. "sae 5" 
ENTER 709; L 

[EO Le=4> TIEN a0 
A=A+20 

OUTPUT 709; 'AI26" 


ENTER 02> aM 
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460 


505 
a0 
Sl 5 
520 


2 2 


52 
940 
945 
D0 
>) 2 
560 
305 
a7 0 
DS 
580 


505 


IF M>=4 THEN 470 
A=A+40 

pisPe “yy CHNL':A 
REMes/¥ LINEAR CALIBRATION 
Vil=H=il. 5003099129 

Pee tolo 9.940429 1 
P=V1+V*V2 

PiSeer IN HO” 
ER? lek y. P 

NEXT ! 

Claris 709. “Hed. 01" 
SOP 7 09 -pO4 207" 
Pope READING TYPE 1” 
REM TYPE T 


LO toners 


Mo 
M1=25727.94369 
M2=-767345.8295 
M3=78025595.81 
M4=-9247486589 
M5=697688000000 
M6=-2.66192E13 
M7=3,94078E14 
OUTPUT 709; "Sc" 
OUTPUT 709; "AR" 
FOR I=0 TO 14 


OUT PUR tesa Ac". 6d 
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S90 ENTER G7 CC. 

oo saa 

600 T=M0+V* (M1+V* (M2+V* (ME+V* (M4+V* (MS+V* (M6+V*M7)))))) 
605° REMY BEG “Gre EGE 
O10 Te 97 5-1 4 a2 

6155 PRINT +2 a 

GA0RM TSP? 12 oT 

625 NEXT I 

650 REM TYPE K 

635 NO=.226584602 

640 N1=24152.109 

645 N2=67233.4284 

650 N3=2210340.682 

655 N4=-860963914,9 

660 N5=48335060000 

665 N6=-1.18452E12 

670 Nit escecras 

6/5 NSSO2ss705r1> 

680 DISP “READING TYPE Kk” 
685 FOR I=40 TO 55 

690 DISP “INPUT TYPE K RDG ERO RSD 
695 INPUT K 

700 DISP kK 

703 (PREM ss 2 1 2k 

71 ONE 


713° DSP 2 SANO Tie eR UNS oe 


eal 


740 
745 
fe 0 
i) 


760 


DISP "ENTER 1(YES) OR 2(NO)" 
INPUT A 

IF A=1 THEN 737 

GOTO 745 

OUTPUT 709; "AR" 

NEXT X 

ASSIGN# 1 TO * 

ASSIGN# 2 TO * 

ASSIGN# 3 TO * 


END 


Bue 


ala 
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